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tkgroun  Extremity  injury  with  ischaemia  is  the  most  common  pattern  of  vascular  trauma  and  is  a 
challenge  for  surgeons  who  must  make  decisions  about  the  timing  and  mechanism  of  limb  reperfusion. 
In  modem  military  conflicts,  effective  use  of  limb  tourniquets  and  rapid  transport  of  the  injured  have 
increased  the  number  of  casualties  who  reach  a  medical  service  with  potentially  survivable  vascular 
trauma.  This  report  provides  a  review  of  extremity  ischaemia  and  reperfusion  following  vascular  trauma. 

A  review  was  undertaken  of  extremity  vascular  injury  with  ischaemia,  including  a  focus  on 
adjuncts  aimed  at  reducing  reperfusion  injury  and  improving  neuromuscular  recovery  and  limb  salvage. 
Results  Findings  from  basic  and  clinical  research  support  the  need  to  restore  perfusion  to  an  ischaemic 
limb  as  soon  as  possible  in  order  to  achieve  optimal  neuromuscular  recovery.  Large-animal  studies 
demonstrate  that  haemorrhagic  shock  worsens  the  impact  of  ischaemia  on  the  neuromuscular  structures 
of  the  limb  and  reduces  the  ischaemic  threshold  to  as  little  as  1  h.  Surgical  adjuncts  such  as  vascular 
shunts,  fasciotomy,  regional  limb  cooling  and  ischaemic  conditioning  may  reduce  the  severity  of  ischaemic 
injury.  Medical  therapies  have  also  been  described  including  hypertonic  saline,  statins  and  ethyl  pyruvate, 
which  reduce  the  inflammatory  response  following  limb  reperfusion. 

elusion  Contemporary  translational  research  refutes  a  casual  approach  to  extremity  vascular  injury 
with  ischaemia,  instead  emphasizing  expedited  reperfusion.  Surgical  and  medical  adjuncts  exist  to 
expedite  reperfusion  and  mitigate  reperfusion  injury.  Additional  research  and  development  of  these 
adjuncts  is  necessary  to  improve  quality  or  functional  limb  salvage  after  vascular  trauma. 
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Introduction 

The  rate  of  vascular  injury  in  the  wars  in  Iraq  and 
Afghanistan  is  higher  than  previously  reported  in  combat, 
with  injury  to  extremity  vessels  being  most  common1  - 3 
(Fig.  1 ).  The  burden  of  this  injury  pattern  has  resulted 
in  a  reappraisal  of  operative  strategies  with  a  focus  on 
improving  functional  or  working  limb  salvage.  Methods  to 
preserve  nerve,  muscle  and  bone  in  the  setting  of  extremity 
ischaemia  should  be  considered  in  two  categories:  surgical 
techniques  and  medical  therapies.  Surgical  techniques 
are  designed  to  decrease  the  duration  of  ischaemia, 
limit  its  consequences,  or  condition  tissues  to  tolerate 
ischaemia  better.  Medical  therapies  are  used  during 
vascular  repair  to  mitigate  or  neutralize  the  toxicity  of 
reperfusion.  This  report  provides  a  review  of  extremity 


ischaemia-reperfusion  in  the  context  of  vascular  trauma, 
emphasizing  the  surgical  approach  ( Table  1). 

Ischaemia  and  reperfusion  injury 

Historical  context 

The  importance  of  limiting  the  duration  of  ischaemia  in 
the  setting  of  extremity  vascular  injury  is  well  recognized, 
but  dogma  has  focused  on  restoring  perfusion  within  6  h. 
Although  correct  in  intent,  the  6-h  interval  was  proposed 
and  adopted  based  on  a  limited  number  of,  now  dated, 
studies12-14.  Much  of  the  research  did  not  account  for 
concomitant  factors  likely  to  influence  the  neuromuscular 
ischaemic  threshold  in  the  setting  of  extremity  trauma; 
for  example,  few  studies  examined  the  effect  of  complex 
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Fig.  1  Distribution  of  vascular  injury  from  the  wars  in  Iraq  and 
Afghanistan  as  a  percentage  of  total  vascular  injuries  ( n  =  1570)1 

soft  tissue  wounds,  long  bone  fractures  or  haemorrhagic 
shock.  Finally,  tolerance  of  a  6-h  ischaemic  window 
was  based  roughly  on  clinical  studies  that  categorized 
limb  salvage  in  a  dichotomous  manner  -  amputation 
or  no  amputation  -  labelling  any  outcome  that  avoided 
amputation  as  favourable.  Only  recently  has  the  focus  on 
extremity  vascular  injury  centred  on  improving  functional 
salvage,  emphasizing  that  not  all  cases  of  limb  salvage 
are  necessarily  desirable.  In  this  report  contemporary 
studies  are  highlighted  that  demonstrate  the  need  to 
restore  perfusion  more  quickly  to  optimize  neuromuscular 
recovery  of  the  injured  limb. 

Microcirculation 

Skeletal  muscle  is  the  most  important  tissue  to  consider  in 
the  setting  of  extremity  ischaemia  because  it  comprises  the 
bulk  of  the  limb.  Peripheral  nerve  cells  are  known  to  be 
more  sensitive  to  ischaemia;  however,  muscle  contains  the 
majority  of  the  extremity  circulation  including  large  axial 
vessels  and  their  tributaries,  as  well  as  the  microcirculation. 
Therefore,  ischaemic  injury  to  muscle  can  lead  to  both  life- 
and  limb-threatening  consequences  in  the  acute  injury 

Table  1  Strategies  to  reduce  extremity  ischaemia-reperfusion  injury 

Adjunct  Mechanism 

Surgical 

Restoration  of  perfusion 
Vascular  shunts 
Fasciotomy 
Limb  cooling 
Conditioning 
Medical 

Hypertonic  saline 
Statin  medications 
Ethyl  pyruvate 


phase  (myonecrosis,  oedema  and  compartment  syndrome). 
Although  bone  and  nerve  are  important  elements  to 
consider,  restoration  of  perfusion  and  achievement  of 
quality  limb  salvage  begins  with  consideration  of  skeletal 
muscle. 

Multiple  factors  influence  muscle  necrosis,  including 
temperature,  muscle  fibre  type,  muscle  location  and 
residual  blood  flow15,16.  The  earliest  effects  of  limb 
ischaemia  can  be  seen  in  the  endothelial  cells  of  arterioles 
and  capillaries  of  muscle  tissue.  The  microcirculation 
within  muscle  undergoes  change  after  only  minutes  of 
ischaemia,  resulting  in  non-uniform  swelling  of  endothelial 
cells  and  endothelial  cell  dysjunction.  This  phenomenon 
is  followed  by  congestion  of  red  blood  cells  within 
the  lumen  of  the  capillaries  and  eventual  cessation 
of  blood  flow  to  the  affected  area.  Within  3-4h  of 
ischaemia,  thrombosis  of  the  microcirculation  ensues  and 
infiltration  of  leucocytes  occurs17.  The  effect  of  this  cascade 
within  the  muscle  microcirculation  is  decreased  oxygen, 
leading  to  anaerobic  metabolism.  With  continued  oxygen 
deprivation,  the  metabolic  demand  of  muscle  outpaces 
anaerobic  metabolism,  and  the  cells  undergo  necrosis  and 
release  of  inflammatory  mediators1718. 

Restoration  of  blood  flow  during  this  cascade  does  not 
automatically  reverse  ischaemia  or  improve  the  viability  of 
skeletal  muscle  cells.  On  the  contrary,  reperfusion  often 
has  an  immediate  paradoxical  effect,  worsening  the  damage 
caused  by  the  initial  ischaemia.  One  factor  contributing 
to  reperfusion  injury  is  the  no-reflow  phenomenon10. 
The  mechanisms  of  this  are  not  fully  characterized, 
but  relate  to  vascular  congestion  in  the  arterioles  and 
capillaries  caused  by  haemoconcentration,  thrombosis  and 
swelling  of  the  endothelium.  These  steps,  in  turn,  result 
in  plugging  of  capillaries  by  leucocytes  and  increased 
extravascular  pressure  from  interstitial  oedema.  The  no¬ 
reflow  phenomenon  propagates  the  ischaemic  insult  by 
impeding  flow  from  collateral  circulation,  or  through  the 
repaired  axial  vessel1819.  Microcirculatory  thrombosis  may 
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increase  resistance  and  decrease  outflow  following  vascular 
repair,  and  contribute  to  early  failure  of  the  reconstruction 
(thrombosis).  From  a  practical  standpoint  the  use  of  local, 
regional  or  even  systemic  anticoagulation,  such  as  heparin 
sulphate,  at  the  time  of  vessel  repair  may  be  an  important 
adjunct  to  limit  the  no-reflow  phenomenon,  although  use 
of  heparin  may  not  be  feasible  in  the  setting  of  severe 
concomitant  injury. 

Molecular  mechanisms 

Reactive  oxygen  species  formed  after  repair  of  extremity 
vascular  injury  and  reperfusion  also  play  in  important  role 
in  cellular  death  and  tissue  injury1719,20.  These  molecules 
are  produced  as  natural  byproducts  of  the  metabolism 
of  oxygen,  and  under  normal  conditions  play  a  role  in 
cell  signalling  and  homeostasis.  Reactive  oxygen  species 
such  as  oxygen  anions  and  peroxides  come  from  activated 
neutrophils,  but  can  also  be  produced  by  the  vascular 
endothelium.  These  molecules  are  highly  reactive  owing 
to  the  presence  of  unpaired  valence  shell  electrons.  Under 
prolonged  ischaemic  conditions,  xanthine  oxidase  reacts 
with  the  breakdown  products  of  adenosine  5'-triphosphate 
(ATP)  and  oxygen  to  generate  reactive  oxygen  species. 
These  molecules  cause  damage  including  injury  to  DNA, 
oxidation  of  fatty  acids  and  lipids,  and  oxidation  of  proteins 
and  co-factors  necessary  for  enzymatic  function20,21.  The 
reactive  oxygen  species  cascade  is  perpetuated  by  activation 
of  the  cyclo-oxygenase  and  lipo-oxygenase  pathways,  which 
cause  further  neutrophil  activation.  From  a  practical 
standpoint,  to  minimize  accumulation  of  reactive  oxygen 
species  in  the  limb  in  the  setting  of  vessel  injury,  efforts 
should  be  aimed  at  reducing  the  duration  of  ischaemia. 

Nitric  oxide  is  another  molecule  to  be  considered  as  part 
of  extremity  vascular  injury  and  ischaemia-reperfusion22. 
The  effect  of  nitric  oxide  on  local  tissues  varies  depending 
upon  the  timing  and  origin  of  its  release  following 
restoration  of  perfusion.  Under  normal  circumstances, 
nitric  oxide  is  produced  by  endothelial  cells  as  a  signal 
transmitter  with  vasodilatory  effects.  Under  ischaemic 
conditions,  the  precursor  for  nitric  oxide,  L-arginine, 
becomes  depleted  and  nitric  oxide  synthase  can  produce 
harmful  reactive  oxygen  species20-22.  Nitric  oxide  can  also 
contribute  to  reperfusion  injury,  when  excessive  amounts 
produced  during  reperfusion  react  with  superoxide  to 
produce  the  damaging  oxidant  peroxynitrite.  In  general, 
endothelial  nitric  oxide  synthase  (eNOS)  has  a  protective 
role  in  the  setting  of  reperfusion  as  it  decreases 
platelet  aggregation  and  has  an  anti-inflammatory  effect. 
In  contrast,  inducible  nitric  oxide  synthase  (iNOS)  is 
more  prone  to  harmful  effects  owing  to  the  potential 
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overproduction  of  nitric  oxide,  which  can  be  converted  to 
peroxynitrite22 . 

Anatomical  considerations 

Skeletal  muscle  and  peripheral  nerve  are  enclosed  in 
compartments  of  the  limb  surrounded  by  bone  and  fascia. 
These  compartments  have  a  fixed  space  and  are  prone  to 
the  adverse  sequelae  of  reperfusion  injury,  namely  cellular 
oedema  and  tissue  swelling.  Compartments  within  the 
distal  extremity  (forearm  and  leg)  are  especially  limited 
in  their  ability  to  accommodate  tissue  oedema  and  are 
therefore  more  prone  to  increased  compartment  pressures 
following  reperfusion.  If  significant,  increased  pressure  can 
add  a  physical  component  of  injury  to  nerve,  muscle  and 
microcirculation  already  damaged  as  part  of  the  ischaemic 
insult23,24.  Pressure  in  the  capillaries  of  the  extremities 
ranges  from  10  to  20  mmHg;  once  this  is  exceeded 
venous  outflow  is  obstructed,  perpetuating  a  cycle  of  raised 
compartment  pressure.  Although  damage  to  nerve  and 
muscle  is  likely  to  occur  at  a  lower  pressure,  pressure  of 
3  0  mmHg  or  higher  in  a  fascial  compartment  constitutes 
a  compartment  syndrome  requiring  fasciotomy.  Another 
definition  of  compartment  syndrome  has  been  described  as 

a  pressure  within  30  mmHg  of  the  patient’s  diastolic  blood 
23  24 

pressure  ’  . 

Systemic  considerations 

Extremity  reperfusion  injury  should  be  considered  as  hav¬ 
ing  systemic  effects  as  well20-22 .  Specifically,  reperfusion  of 
ischaemic  tissues  of  the  limb  results  in  release  of  intracellu¬ 
lar  molecules  including  myoglobin,  and  of  electrolytes  such 
as  potassium,  that  can  be  harmful  to  remote  organs  includ¬ 
ing  the  kidneys,  heart  and  lungs.  Release  of  these  and  other 
factors  results  in  a  systemic  inflammatory  response  caus¬ 
ing  increased  levels  of  aspartate  aminotransferase,  alanine 
aminotransferase,  lactate  dehydrogenase  and  serum  cre¬ 
atinine.  Another  proposed  mechanism  of  systemic  injury 
is  activation  of  xanthine  oxidase,  an  important  source  of 
endothelial  cell- derived  reactive  oxygen  species. 

Surgical  strategies  to  improve  functional  limb 
salvage 

Restoration  of  flow 

Expedited  restoration  of  blood  flow  to  the  ischaemic  limb 
is  the  most  important  manoeuvre  to  improve  tissue  survival 
and  thus  functional  limb  salvage  following  extremity 
vascular  injury.  This  premise  was  recognized  in  World 
War  II,  when  a  relationship  between  medical  evacuation 

www.bjs.co.uk  British  Journal  of  Surgery  2012;  99(Suppl  1):  66-74 


Extremity  vascular  injuries  with  ischaemia 


69 


time  and  amputation  rate  was  observed.  Debakey  and 
Simeone25  reported  an  increase  in  the  early  amputation  rate 
following  vascular  injury,  from  37  per  cent  when  casualties 
were  treated  within  1 0  h  to  63  per  cent  when  treatment  was 
delayed  beyond  10  h.  Despite  this  observation  and  similar 
reports  from  Hughes  in  Korea26  and  Rich  and  colleagues  in 
Vietnam27,  only  recently  was  attention  focused  on  limiting 
the  duration  of  ischaemia  following  extremity  vascular 
injury.  In  contrast  to  previous  conflicts,  the  time  from 
injury  to  surgical  care  in  Iraq  and  Afghanistan  has  averaged 
less  than  60  min28.  This  advance  has  led  to  a  higher 
percentage  of  patients  with  vascular  injuries  presenting  to 
surgical  facilities  where  decisions  must  be  made  regarding 
priority  of  restoration  of  perfusion  and  vascular  repair. 
A  recent  epidemiological  study  demonstrated  that  nearly 
50  per  cent  of  vascular  injuries  encountered  in  Iraq  and 
Afghanistan  were  amenable  to  some  method  of  vascular 
reconstruction1.  These  advances  have  given  surgeons 
and  scientists  reason  to  reappraise  techniques  used  to 
manage  extremity  vascular  injury,  including  consideration 
of  methods  to  improve  the  quality  of  limb  salvage. 

A  contemporary  series  of  studies  has  characterized  the 
basic  neuromuscular  ischaemic  threshold  of  an  extremity. 
Gifford  and  co-workers29  showed  in  porcine  limb 
ischaemia  that  restoration  of  blood  flow  within  3  h  resulted 
in  a  profile  of  circulating  markers  of  injury  similar  to  that 
in  which  flow  was  restored  after  1  h.  In  contrast,  delay  of 
reperfusion  until  6  h  resulted  in  a  worse  circulating  marker 
profile,  as  well  as  reduced  flow  distal  to  the  injury,  possibly 
attributable  to  microthrombosis  of  the  outflow  circulation 
(no-reflow)29.  This  model  was  the  first  modern  study  that 
led  to  the  recommendation  of  earlier  restoration  of  flow 
in  the  setting  of  extremity  vascular  injury,  challenging  the 
previous  6-h  rule.  Burkhardt  et  it/.30,31  employed  a  14-day 
survival  model  that  combined  electromyographic  and  gate 
strength  testing  as  a  physiological  measure  of  recovery  to 
assess  function  following  increasing  intervals  of  hind  limb 
ischaemia.  This  study  demonstrated  the  neuromuscular 
ischaemic  threshold  of  the  limb  to  be  less  than  5  h,  and 
similarly  recommended  restoration  of  flow  within  3  h  of 
injury  for  optimal  functional  recovery. 

Using  the  same  model,  Hancock  and  colleagues4 
demonstrated  the  impact  of  haemorrhagic  shock  on 
neuromuscular  recovery  of  the  limb  following  vascular 
injury  (Fig.  2).  These  experiments  were  among  the  first 
to  demonstrate  that  concomitant  haemorrhagic  shock 
exacerbates  the  negative  impact  of  extremity  ischaemia, 
reducing  the  ischaemic  threshold  of  the  limb  to  less  than 
3  h.  The  authors  went  as  far  as  to  conclude  that,  under  these 
conditions,  restoration  of  perfusion  within  1  h  is  necessary 
to  achieve  neuromuscular  recovery.  These  studies  provided 
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Fig.  2  Extent  of  neuromuscular  recovery  following  1,  3  and  6  h  of 
hind  limb  ischaemia  in  a  porcine  model  (14-day  survival)  with 
and  without  haemorrhagic  shock,  a  In  the  absence  of  shock, 
neuromuscular  recovery  was  near  complete  at  14  days  following 
both  1  and  3  h  of  ischaemia,  b  In  contrast  in  the  presence  of 
haemorrhagic  shock,  neuromuscular  recovery  following  3  h 
of  ischaemia  was  similar  to  that  following  6  hours.  In  the 
presence  of  haemorrhagic  shock,  only  the  1-h  ischaemia 
group  demonstrates  an  upward  inflection  of  recovery  after 
14  days. 


useful  information  to  surgical  teams  managing  patients 
with  ischaemic  extremity  vascular  injury.  Together,  they 
argue  against  a  casual  approach,  instead  emphasizing  the 
importance  of  expedited  restoration  of  perfusion  in  order 
to  improve  the  quality  of  limb  salvage. 


Temporary  vascular  shunt 

Temporary  vascular  shunts  represent  an  important  adjunct 
to  allow  expedited  restoration  of  flow  in  certain  patterns 
of  extremity  vascular  injury32,33.  In  this  scenario,  a  shunt 
is  a  flexible  hollow  tube  that  can  be  placed  quickly  to  allow 
perfusion  through,  and  distal  to,  the  vascular  injury  site. 
It  is  left  briefly  (usually  2-6  h),  after  which  it  is  removed 
and  formal  vessel  repair  undertaken.  Eger  and  co-workers34 
were  among  the  earliest  to  publish  on  the  use  of  a  temporary 
vascular  shunt;  the  technique  has  increased  in  popularity 
in  both  civilian  and  military  settings.  Several  reports  have 
described  the  efficacy  of  a  shunt  as  an  effective  adjunct, 
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including  a  report  by  Dawson  et  al.  ,  which  demonstrated 
that  shunts  can  remain  patent  for  up  to  24  h,  even  in  the 
absence  of  systemic  anticoagulation.  Additionally,  Gifford 
et  al.  used  shunts  to  restore  limb  perfusion  following 
increasing  ischaemic  intervals,  confirming  high  patency 
rates  without  the  use  of  heparin. 

During  the  wars  in  Iraq  and  Afghanistan,  the  use  of 
vascular  shunts  has  been  extensive,  reported  in  up  to  one- 
third  of  proximal  extremity  vascular  injuries32,36.  Taller 
and  colleagues37  demonstrated  the  unique  value  of  the 
technique  in  a  series  of  patients  with  a  mean  Injury  Severity 
Score  of  25  and  Mangled  Extremity  Severity  Score  of 
8.  Temporary  shunts  were  placed  as  a  damage  control 
measure  to  restore  extremity  perfusion  while  other  life- 
threatening  injuries  were  managed.  The  shunt  remained 
in  place  while  the  patient  was  transferred  to  a  higher 
level  of  care,  where  it  was  removed  and  definitive  vascular 
repair  performed.  Using  this  adjunct  and  sequence  of  care, 
Taller  et  al}1  reported  an  early  (30  day)  limb  salvage  rate 
of  100  per  cent.  Glass  and  co-workers38  recently  published 
a  review  of  extremity  injuries  with  both  a  vascular  and 
an  orthopaedic  component,  which  showed  favourable  limb 
salvage  rates  with  the  use  of  a  shunt  as  an  initial  adjunct 
to  restore  perfusion  followed  by  fracture  fixation.  This 
study  proposed  an  algorithm  giving  priority  to  the  vascular 
component  of  the  injury,  advocating  shunt  placement 
followed  by  fracture  fixation  and  then  shunt  removal 
with  definitive  vascular  repair38.  Another  study  by  Gifford 
et  al}  defined  amputation-free  survival  at  nearly  36  months 
following  wartime  vascular  injury.  The  use  of  a  shunt  had 
no  long-term  adverse  effects,  but  appeared  to  offer  a  limb 
salvage  advantage  in  the  most  severely  injured  limbs.  The 
majority  of  recent  studies  have  supported  the  use  of  shunts 
as  an  adjunct  to  restore  perfusion,  and  extend  the  window 
of  opportunity  for  actual  and  functional  limb  salvage. 

Fasciotomy 

Raised  pressure  within  the  compartments  of  an  injured 
extremity  following  reperfusion  can  cause  mechanical 
injury  to  muscle  and  nerve,  exacerbating  the  initial 
ischaemic  insult39.  This  can  be  avoided  by  ready  application 
of  prophylactic  fasciotomy  in  high-risk  limbs.  Fasciotomy 
has  been  shown  to  be  effective  at  preserving  muscle 
contraction  in  a  canine  model,  in  a  study  that  also  examined 
the  value  of  therapeutic  reperfusion  with  mannitol  and 
superoxide  dismutase40.  The  rate,  effectiveness  and  timing 
of  fasciotomy  have  been  studied  during  the  wars  in  Iraq 
and  Afghanistan.  Ritenour  and  colleagues6  emphasized 
the  importance  of  prophylactic  or  early  fasciotomy  done 
at  the  time  of  the  initial  operation:  delayed  fasciotomy, 
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or  fasciotomy  that  required  revision  after  aeromedical 
evacuation,  led  to  higher  amputation  and  even  mortality 
rates.  This  study  also  demonstrated  that  the  anterior 
and  posterior  deep  compartments  of  the  leg  were  the 
most  commonly  omitted  or  missed  during  an  incomplete 
initial  fasciotomy.  This  finding  is  especially  troubling  given 
that  these  compartments  contain  the  main  neurovascular 
bundles  of  the  leg. 

Kragh  and  co-workers41  reported  that  fasciotomy  rates 
increased  significantly  after  tourniquets  were  issued  with 
instructions  for  use  to  soldiers  in  2005,  a  finding  that 
may  reflect  increased  survivorship  of  those  with  extremity 
vascular  injury.  In  their  study,  the  authors  demonstrated 
that  fasciotomy  was  more  likely  to  be  performed  in  soldiers 
with  greater  injury  severity.  This  observation  suggested 
adherence  to  practice  guidelines  and  application  of  sound 
operative  principles41.  Although  fasciotomy  does  have 
risks,  it  is  an  important  surgical  adjunct  to  improve 
neuromuscular  recovery  following  vascular  injury  and 
reperfusion,  supported  by  research  and  clinical  observation. 

Limb  hypothermia 

Induction  of  hypothermia  has  been  successful  in  mitigating 
ischaemia -reperfusion  injury  in  cardiac  surgery.  The 
mechanisms  by  which  induced  hypothermia  protects 
against  reperfusion  injury  have  not  been  fully  characterized; 
however,  the  benefit  probably  centres  on  the  slowed 
metabolic  rate  and  production  of  reactive  oxygen  species 
during  and  immediately  after  the  ischaemia.  Animal  studies 
of  regional  limb  cooling  have  demonstrated  favourable 
effects  on  pH  and  lactate,  and  improved  modulation 
of  ATP42~44.  Functional  outcomes  of  hypothermia  in  a 
rat  model  demonstrated  that  limbs  cooled  to  22°  and 
30°C  (but  not  35°C)  during  ischaemia  had  improved 
return  of  function  compared  with  those  that  remained 
normothermic45 .  Mowlavi  et  al.1  demonstrated  in  a  rat 
model  that  cooling  did  not  necessarily  need  to  take  place 
throughout  the  entire  period  of  ischaemia;  cooling  during 
reperfusion  alone  was  also  beneficial.  Cooling  only  during 
reperfusion  resulted  in  increased  muscle  viability,  less 
oedema  and  decreased  expression  of  CD  lib  (a  neutrophil 
marker).  A  separate  but  similar  report  in  hamsters 
demonstrated  benefits  of  regional  limb  cooling  after 
inducing  hypothermia  throughout  both  the  ischaemic  and 
the  reperfusion  interval,  resulting  in  inhibited  leucocyte 
adherence  in  striated  muscles46.  To  date,  regional  limb 
hypothermia  has  not  been  viewed  as  translatable  to  injured 
patients  who  may  have  associated  injuries,  including 
coagulopathy,  which  could  be  made  worse  by  cooling. 
The  value  of  induced  hypothermia  as  an  adjunct  to  limit 
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reperfusion  injury  in  cardiac  surgery  is  well  established  and 
the  technique  should  not  be  overlooked  as  an  area  of  future 
research. 

Ischaemic  conditioning 

Conditioning  is  based  on  the  concept  of  optimizing  the 
response  of  the  extremity  to  ischaemia,  and  limiting  the 
accumulation  and  release  of  reactive  oxygen  radical  species 
at  the  time  of  reperfusion.  It  can  be  either  preconditioning 
or  postconditioning,  depending  on  whether  the  manoeuvre 
takes  place  before  or  after  the  onset  of  ischaemia.  Precon¬ 
ditioning  consists  of  making  the  tissue  ischaemic  for  short 
intervals  before  an  expected  ischaemic  insult.  Although 
there  has  been  much  research  on  preconditioning,  this 
adjunct  is  less  applicable  to  extremity  injury  because  of 
the  unpredictable  nature  of  trauma.  Although  precondi¬ 
tioning  methods  are  not  intuitively  applicable  to  vascular 
trauma,  Zhao  and  co-workers4' 48  determined  in  an  animal 
model  of  coronary  occlusion  that  the  beneficial  effects  of 
preconditioning  were  similar  to  those  of  postconditioning. 

Postconditioning  can  be  accomplished  by  slow  or  limited 
reperfusion  through  the  main  inflow  vessel  before  full  or 
complete  reperfusion,  or  by  repeated  episodes  of  partial 
reperfusion.  Although  the  mechanisms  of  postconditioning 
have  not  been  fully  characterized,  it  has  been  shown  to 
afford  tissue  protection  through  decreased  reactive  oxygen 
species  and  inflammatory  markers8'49.  Postconditioning 
also  downregulates  tissue  factor  production,  delays  the 
washout  of  adenosine,  and  stimulates  the  formation  of 
endogenous  opioids  and  nitric  oxide50,51. 

Anderson  and  colleagues8  and  Wright  and  co-workers49, 
in  separate  studies,  showed  the  benefit  of  limiting  the  rate 
of  reperfusion  at  the  time  of  restoration  of  blood  flow 
following  ischaemia.  Specifically,  temporary  or  limited 
reperfusion  resulted  in  less  skeletal  muscle  injury  and 
postreperfusion  oedema  than  immediate,  full  restoration 
of  flow.  In  a  different  small-animal  hind  limb  model, 
postconditioning  resulted  in  a  reduction  of  inflammatory 
markers  and  reactive  oxygen  species50.  Postconditioning 
also  preserves  the  myocardium  in  patients  undergoing 
percutaneous  coronary  intervention51.  In  this  study, 
postconditioning  resulted  in  a  reduction  in  creatinine 
kinase  levels,  increased  myocardial  perfusion  and  decreased 
infarct  size. 

Conditioning  manoeuvres  have  shown  promise  in 
limiting  the  adverse  consequences  of  reperfusion  in  the 
laboratory  and  in  clinical  settings.  Furthermore,  the 
techniques  themselves  (limited,  partial  reperfusion,  or 
episodic  bursts  of  reperfusion)  are  fairly  easily  applied 
following  repair  of  an  extremity  vascular  injury.  As  such, 
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these  strategies  hold  promise  in  improving  neuromuscular 
recovery  after  extremity  vascular  injury  and  should  remain 
a  focus  of  translational  research  effort. 

Medical  therapies 

Hypertonic  saline 

Hypertonic  saline  is  a  safe  fluid  for  prehospital  resuscitation 
and  in  some  cases  decreases  the  incidence  of  acute  respira¬ 
tory  distress  syndrome,  renal  failure  and  coagulopathy52. 
Hypertonic  saline  solutions  have  a  number  of  proper¬ 
ties  that  make  them  attractive  candidates  as  therapeutic 
reperfusion  fluids.  Specifically,  they  blunt  the  production 
of  leucocyte  endothelial  adhesion  molecules  and  increase 
the  diameter  of  vessels  in  the  microcirculation53 .  In  sepa¬ 
rate  studies  on  patients  with  haemorrhagic  shock,  Bulger 
ef«/.54  and  Rizoli  efa/.55  showed  that  resuscitation  with 
hypertonic  saline  modulated  the  inflammatory  response 
favourably. 

Translational  animal  research  has  also  shown  favourable 
effects  of  hypertonic  saline  on  the  inflammatory  response. 
Corso  and  colleagues56  used  a  shock  model  in  rats  to 
demonstrate  that  hypertonic  saline  reduced  leucocyte 
accumulation  in  the  liver.  Attuwaybi  et  alP  showed  that 
the  use  of  hypertonic  saline  prevented  inflammation  and 
injury,  and  impaired  gut  transit  after  intestinal  ischaemia 
and  reperfusion  by  inducing  the  enzyme  haem  oxygenase  1 . 
In  an  experimental  model  of  limb  ischaemia-reperfusion, 
rats  treated  with  hypertonic  saline  before  tourniquet 
release  had  a  significant  decrease  in  myeloperoxidase 
content,  less  skeletal  muscle  oedema  and  an  improvement 
in  the  functional  properties  of  the  skeletal  muscle9. 
These  and  other  studies  demonstrate  that  hypertonic 
saline  has  the  potential  to  reduce  the  adverse  effects 
of  reperfusion  following  extremity  vascular  injury  with 
ischaemia.  A  protocol  consisting  of  hypertonic  saline 
administration  with  slow  reperfusion  following  vascular 
repair  is  warranted. 

Statins 

Pretreatment  with  3-hydroxy-3-methyl-glutaryl-coenzyme 
A  (HMG-CoA  reductase  inhibitors,  or  statins)  has  been 
shown  in  the  cardiac  literature  to  decrease  myocardial 
infarct  size  through  downstream  effects  of  increasing 
adenosine  and  activation  of  eNOS  and  the  reperfusion 
injury  signalling  kinase  pathway58-60.  Animal  studies  have 
also  evaluated  the  use  of  statins  for  mitigating  limb 
ischaemia-reperfusion  injury.  Most  of  this  work  focused  on 
oral  statins  given  before  an  ischaemic  limb  injury,  although 
statins  have  also  been  given  by  the  intra-arterial  route  at 
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the  time  of  vascular  repair  and  reperfusion  (therapeutic 
reperfusion). 

Cowled  et  al. 10  demonstrated  that  pretreatment  of  ani¬ 
mals  with  simvastatin  decreased  neutrophil  sequestration 
and  skeletal  muscle  inflammation  in  a  rat  model  of 
hind  limb  ischaemia -reperfusion.  In  a  separate  study, 
Dillon  and  colleagues61  demonstrated  that  pretreatment 
with  pravastatin  attenuated  tourniquet-induced  ischaemic 
skeletal  muscle  damage  in  rats,  as  measured  by  oedema, 
leucocyte  sequestration  and  electrical  properties61.  The 
physical  properties  of  the  statin  medications  make  them 
difficult  to  formulate  for  intra-arterial  administration  at  the 
time  of  vascular  repair;  however,  preliminary  studies  using 
this  method  suggest  that  statins  offer  a  protective  effect  on 
skeletal  muscle  and  peripheral  nerves  (unpublished  data). 

The  unpredictable  nature  of  extremity  vascular  injury 
with  ischaemia  diminishes  the  ability  to  translate  many  of 
the  studies  showing  the  effectiveness  of  predosing  with 
statins.  People  likely  to  suffer  an  extremity  vascular  injury 
are  not  likely  to  be  taking  statins,  because  they  are  usually 
younger.  In  order  to  exploit  their  beneficial  effects  in 
the  setting  of  extremity  ischaemia-reperfusion,  additional 
research  on  formulations  of  statins  for  intra-arterial  or 
intramuscular  administration  is  necessary. 

Ethyl  pyruvate 

Ethyl  pyruvate  has  been  studied  as  a  modality  to  mitigate 
ischaemia-reperfusion  injury.  It  is  a  derivative  of  pyruvate, 
the  endproduct  of  glycolysis  and  the  starting  point  for  the 
tricarboxylic  acid  cycle62 .  Ethyl  pyruvate  has  the  properties 
of  an  endogenous  antioxidant  and  anti-inflammatory  agent, 
including  decreasing  the  activity  of  iNOS,  tumour  necrosis 
factor,  cyclo-oxygenase  2  and  interleukin  662.  Ethyl 
pyruvate  has  been  shown  to  mitigate  the  damaging  effects 
of  ischaemia-reperfusion  in  animal  models,  including 
those  of  myocardial  ischaemia-reperfusion.  In  separate 
studies,  Jang  and  colleagues63  and  Woo  et  al.  showed 
in  rats  that  pretreatment  with  ethyl  pyruvate  resulted  in 
decreased  inflammatory  markers  of  ischaemia  as  well  as  a 
decrease  in  infarct  size  and  improved  cardiac  function. 

Dong  and  co-workers65  recently  reported  that,  in  a 
swine  model  of  shock,  inclusion  of  ethyl  pyruvate  during 
resuscitation  resulted  in  decreased  circulating  markers  of 
inflammation  and  less  organ  damage.  A  recent  study  from 
Crawford  et  al.n  reported  that  in  a  murine  model  of  limb 
ischaemia  ethyl  pyruvate  pretreatment  resulted  in  a  lower 
percentage  of  injured  muscle  fibres.  It  also  decreased 
inflammatory  markers  and  reduced  tissue  thrombosis65. 
Ethyl  pyruvate  is  a  promising  medication  that  appears  to 
modulate  the  effects  of  ischaemia -reperfusion  injury. 
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Conclusion 

Extremity  vascular  injury  with  ischaemia  is  an  increasingly 
common  pattern  of  injury.  Decisions  related  to  treatment 
priorities  and  methods  of  reperfusion  should  take 
into  consideration  recent  translational  research  showing 
evidence  for  specific  surgical  and  medical  adjuncts  aimed 
at  improving  neuromuscular  recovery. 
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